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Trigger FactorNewly synthesized proteins often require the assistance of molecular chaperones to efﬁciently fold into
functional three-dimensional structures. At ﬁrst, ribosome-associated chaperones guide the initial folding
steps and protect growing polypeptide chains from misfolding and aggregation. After that folding into the
native structure may occur spontaneously or require support by additional chaperones which do not bind to
the ribosome such as DnaK and GroEL. Here we review the current knowledge on the best-characterized
ribosome-associated chaperone at present, the Escherichia coli Trigger Factor. We describe recent progress on
structural and dynamic aspects of Trigger Factor's interactions with the ribosome and substrates and discuss
how these interactions affect co-translational protein folding. In addition, we discuss the newly proposed
ribosome-independent function of Trigger Factor as assembly factor of multi-subunit protein complexes.
Finally, we cover the functional cooperation between Trigger Factor, DnaK and GroEL in folding of cytosolic
proteins and the interplay between Trigger Factor and other ribosome-associated factors acting in enzymatic
processing and translocation of nascent polypeptide chains.el.:+496221546795; fax:+49
9 6221 545894.
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A vital principle in all living cells is the conversion of genetic
information into functional proteins. It involves biosynthesis of linear
polypeptide chains by ribosomes, and, for the majority of proteins,
folding of the linear chain into a speciﬁc three-dimensional confor-
mation, the native protein structure. How the thousands of different
proteins fold within cells is still one of the most fascinating research
areas of today.
Over the last 50 years, numerous in vitro studies have established
basic principles of protein folding. Early on it was shown that the
information for the native fold is encoded in the linear amino acid
sequence of each protein [1]; and it became clear that protein folding
cannot resemble a random search of all possible conformations, which
would require an immense amount of time. In fact, protein folding
proceeds along certain pathways within funnel-shaped energy land-
scapes from energetically higher unfolded states via folding transi-
tions and energetically favored, partially structured intermediates to
the thermodynamically most stable conformations [2,3]. One major
driving force of protein folding is the burial of hydrophobic side chains
from the aqueous, hydrophilic environment [4]. Accordingly, native
conformations of many soluble proteins are deﬁned by a hydrophobic
core and a largely hydrophilic surface.Depending on the particular protein and the folding environment,
folding can occur spontaneously and unassisted with kinetics in the
range of milliseconds to seconds [5]. However, in particular in the
crowded environment of a cell with protein concentrations of ∼300–
400 mg/ml [6], spontaneous folding is frequently error-prone,
inefﬁcient and time-consuming. The persistence of folding inter-
mediates and misfolded proteins, which expose “sticky” hydrophobic
regions and unstructured chain segments, drives unproductive
intermolecular interactions leading to protein aggregation [7]. This
challenges cells not only with the loss of protein function, but can also
lead to the accumulation of toxic protein species as evident in
Alzheimer's, Parkinson's or Huntington's disease [8]. Protein folding
within cells therefore depends on the action of many protein folding-
helpers, the molecular chaperones (see Section 2).
Folding of newly synthesized proteins is coupled to translation.
Nascent polypeptide chains, which are generated in a vectorial
manner from the N- to the C-terminus, commence the folding process
before synthesis is terminated and the folding information is
complete. They leave the ribosome through a rather narrow exit
tunnel [9–11], which accommodates about 30 residues in an extended
or about 60 residues in an α-helical conformation [12–15,144].
Nascent chains may already build minimalist tertiary structure within
the broader, funnel-shaped parts of the tunnel close to the ribosomal
exit site [16]. Outside of the ribosome, they can form native-like
structural elements and even completely folded domains while still
connected to the peptidyl transferase center [17–25,145].
Co-translational folding can improve the folding efﬁciency of
newly synthesized proteins, but whether it occurs productively
depends on the synthesized protein itself, the speed of translation
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during translation of rare codons were reported to improve the
folding efﬁciency of several newly synthesized proteins [26–30]; and
a co-translational, domain-wise folding of certain multi-domain
proteins was shown for eukaryotes, but not for prokaryotes, which
have a higher translation speed and a different chaperone machinery
[19,31,32]. In fact, reduced polypeptide elongation rates have recently
been demonstrated to improve the folding efﬁciencies of diverse
eukaryotic proteins in bacteria [146]. When C-terminal sequences are
required for the formation of stable structures, productive folding
must occur essentially post-translationally, after the newly synthe-
sized polypeptide has been released from the ribosome [33,34].
Moreover, premature co-translational folding events can even be
detrimental for the productive folding process especially in the case of
proteins that build long-range interactions in the native state. Hence,
nascent polypeptide chains are exposed in partially folded, aggrega-
tion-prone states during synthesis and often require co-translational
folding-assistance to reach the native fold efﬁciently.
2. Molecular chaperones assist protein folding in vivo
A multitude of molecular chaperones works in protein quality
control and supports protein folding in all living organisms.
Chaperones act in various cellular processes: they assist de novo
folding, refolding of stress-denatured or aggregated proteins, assem-
bly of oligomeric proteins, protein transport, proteolytic degradation,
and, in some cases, control the activity of folded client proteins.
Depending on their respective functions, some chaperones are
constitutively expressed, whereas others are stress-induced, e.g. at
higher temperatures or other conditions perturbing protein homeo-
stasis (hence the generic term “heat shock proteins” (Hsps) for many
chaperones).
Chaperones can be deﬁned as proteins which monitor non-native
conformations, stabilize proteins and assist folding processes, but are
not part of the ﬁnal native structures [35]. They optimize the folding
efﬁciency or even facilitate folding of non-native intermediates that
would otherwise be kinetically trapped, but they do not add structural
information to the folding process.
A typical feature of chaperones is the stoichiometric and transient
binding of non-native polypeptides mostly at exposed hydrophobic
patches. Chaperone binding stabilizes productive folding intermedi-
ates, hinders non-native proteins from building incorrect intra- and
intermolecular interactions and in this way reduces protein misfold-
ing and aggregation. In some instances, chaperone binding addition-
ally triggers transient local unfolding [36,37]. Chaperones may act as
“holdases” stabilizing non-native protein conformations, as “foldases”
assisting folding to the native state or as “unfoldases” unfolding
misfolded protein species or extracting proteins from aggregates [38–
41]. While substrate holding can be energy-independent, active
assistance of productive folding (e.g. by Hsp70 or Hsp60 chaperone
systems) often requires cycles of ATP-regulated binding and release.
Two different groups of chaperones support folding of newly
synthesized polypeptides in all three domains of life (see also the
reviews by J. Frydman, A. Horwich and S. Rospert in this issue) [42,43]: at
ﬁrst, ribosome-associated chaperones co-translationally interact with
growing polypeptide chains and guide the initial steps of de novo folding.
After that, downstreamchaperones,whichdonotbind to ribosomes,may
further assist de novo folding both during and after translation. Here, we
review the current knowledge on the best-characterized ribosome-
associated chaperone so far: Escherichia coli Trigger Factor.
3. E. coli Trigger Factor acts as a ribosome-associated chaperone
Trigger Factor (TF) represents the only ribosome-associated
chaperone known in bacteria. It is found in bacteria and chlor-
oplasts, whereas structurally different ribosome-associated factorsexist in the archaeal and eukaryotic cytosol [44,45]. Despite of its
absence in the eukaryotic cytosol, TF shares a certain functional
similarity with eukaryotic ribosome-associated chaperones. When
expressed in S. cerevisiae, E. coli TF binds to yeast ribosomes and
partially complements the knockout phenotype of the yeast
ribosomal chaperone triad consisting of Ssb, Ssz and Zuotin [46].
E. coli TF is a constitutively expressed and abundant cytosolic
protein that exists in a two- to three-fold molar excess relative to
ribosomes (∼50 µM TF versus ∼20 µM ribosomes) [47]. It transiently
associates with ribosomes in a 1:1 stoichiometry using ribosomal
protein L23 as major docking site [48–52]. In this way, TF is localized
directly at the ribosomal exit site where growing polypeptide chains
leave the ribosome and enter the crowded cytosol. TF potentially
interacts with most polypeptides early during ongoing synthesis and,
as the ﬁrst chaperone associating with nascent chains, restricts the
access of downstream factors such as the DnaK and GroEL chaperone
machineries which cooperate with TF in de novo folding of cytosolic
proteins (Fig. 1A) (see Section 10) [53–59].
Early on, the importance of TF's ribosome binding was addressed
by mutating the ribosomal docking site of TF. Point mutations in L23
not only restricted ribosome binding of TF, but also severely impaired
TF's abilities to associate with nascent chains and to assist protein
folding in vivo [49]. Hence, ribosome binding was assumed to be
crucial for the functionality of the TF in assisting de novo folding and
led the ﬁeld to concentrate on the ribosome-associated function of TF.
Later on, TF mutants that are partly or completely deﬁcient in
ribosome binding were analyzed in more detail. Though they were
less efﬁcient than wild type TF (especially at temperatures above
∼36 °C), they still maintained chaperone activity in counteracting
protein aggregation in vivo [60–62]. This suggests that although
ribosome binding is required for efﬁcient TF action, TF may also act
independently of its ribosome association and perhaps exert a
chaperone function independent of its role in assisting initial de
novo folding (see Section 4).
4. Trigger Factor might fulﬁll a second function as protein
assembly factor
Just recently, Martinez-Hackert and Hendrickson have assigned a
ribosome-independent function to TF [62] (Fig. 2). By means of a mass
spectrometry analysis they identiﬁed 68 different full-length proteins
from E. coli lysates which copurify and stably associate with TF.
Copuriﬁed proteins, among them ribosomal protein S7, ranged in size
from ∼8 to ∼120 kDa and were mostly components of protein
complexes such as the ribosome or protein homo- or hetero-
oligomers. The authors showed that puriﬁed Thermotoga maritima
TF (tmTF) and tmS7 formed 1:1 and 2:2 complexes in vitro and
determined the crystal structure of a 2tmTF–2tmS7 complex.
Intriguingly, tmS7 adopts a native-like conformation in this complex,
and TF binds with relatively low contact speciﬁcity large parts of the
interface that S7 uses for ribosome incorporation. Based on these
ﬁndings, the authors proposed that TF not only associates with
nascent polypeptide chains, but also with full-length proteins in order
to stabilize native-like substrates until they are assembled into
protein complexes. In support of such an assembly function of TF
they detected a mild ribosomal assembly defect under heat stress
conditions in cells lacking Trigger Factor, which resembles the
ribosomal assembly defects reported earlier for cells lacking func-
tional DnaK [63,64]. The proposed assembly function of TF is in line
with the concept that cytosolic chaperones facilitate ribosomal
biogenesis [65] and, what has been neglected over a long time,
formation of protein complexes [66,67]. The molar excess of TF
relative to ribosomes may allow TF to indeed fulﬁll a dual function in
the E. coli cytosol and to assist both co-translational protein folding
and post-translational protein assembly, but this awaits further
veriﬁcation.
Fig. 1. Trigger Factor function and interplay with other factors. (A) Model of chaperone action in folding of newly synthesized cytosolic proteins in E. coli. Nascent polypeptides
initially interact with ribosome-bound Trigger Factor (TF). Upon release from TF, they either fold spontaneously (roughly estimated two thirds of cytosolic proteins under normal
growth conditions) or require further folding-assistance by downstream chaperones, namely the Hsp70 chaperone DnaK, which acts together with its co-chaperone DnaJ and the
nucleotide exchange factor GrpE (KJE system), and/or the Hsp60 chaperone GroEL with its co-chaperone GroES (ELS system). The ATP-dependent DnaK- and GroEL-machineries
may act co- and/or post-translationally (see Section 10 for details). (Inset) The lack of TF is compensated by induction of the cellular heat shock response with enhanced KJE and ELS
action. The absence of both TF and DnaK is synthetically lethal at temperatures above ∼30 °C, but can be partially suppressed by overexpression of the secretion-dedicated chaperone
SecB or the ELS system. (B) Ribosome-associated factors acting on nascent chains. The ribosomal protein L23 constitutes the major binding site for both TF and the signal recognition
particle (SRP), which targets membrane proteins for co-translational translocation. TF and SRP were shown to co-exist at the ribosome where they likely compete for nascent chains.
Peptide deformylase (PDF) and methionine aminopeptidase (MAP) enzymatically process the N-termini of nascent proteins. PDF binds to a groove in between ribosomal proteins
L22 and L32 with major contacts to L22. The possibility that MAP may bind to ribosomes is indicated, however such an interaction of bacterial MAP with ribosomes has not been
demonstrated to date.
Fig. 2. Model of the proposed novel function of Trigger Factor in protein assembly. In
addition to its function in de novo folding (together with the KJE and ELS chaperone
systems; also see Fig. 1A) (solid arrows), TF may bind and stabilize native-like proteins
in order to facilitate their assembly into diverse complexes such as protein homo- or
hetero-oligomers or ribosomal subunits (dashed arrows). It is speculated that some
proteins may fold into a native-like conformation while staying associated with TF
(marked by the “?”).
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The 48 kDa TF protein consists of three domains and adopts a
unique, elongated, dragon-shaped structure with overall dimensions
of 122×59×63 Å [50,68,69] (Fig. 3A). The N-terminal domain of TF
(aa 1–149) is structurally related to parts of the bacterial chaperone
Hsp33, but carries an additional helix–loop–helix element, which
contains the so-called TF signature-motif (“GFRxGxxP”) mediating
ribosome docking [49,70]. It is necessary and sufﬁcient for ribosome
binding of TF, contributes to the chaperone activity of TF and forms
the “tail” of the TF dragon (aa 1–110) and a long linker region (aa
111–149) [60,61,71–73].
Themiddle domain of TF (aa 150–245) displays catalytic activity as
peptidyl–prolyl cis/trans isomerase (PPIase) and belongs to the FKBP
(FK506 binding protein) family of PPIases [68,74,75]. It builds the
“head” of the dragon, which is localized most distant to the ribosome
binding site in the three-dimensional structure [50,76]. The impor-
tance of the PPIase domain remains enigmatic in some respects. TF
acts as a highly efﬁcient catalyst of proline-limited folding reactions in
vitro, but the enzymatic PPIase activity is not essential for the general
chaperone function of TF in assisting de novo folding [75,77–79]. In
fact, the entire PPIase domain is dispensable for the chaperone
function of TF in vivo [60,61,72]. Nevertheless, the PPIase domain adds
to the chaperone activity of TF and might serve as an auxiliary
substrate binding site [60,61,72,80,81]. It could also be required for
the folding of speciﬁc, yet unidentiﬁed substrates [82].
The C-terminal domain of TF (aa 246–432) constitutes nearly half
of the TFmolecule and represents themain chaperonemodule of TF. It
shapes the central body of the dragon and two protruding helical
“arms” [50]. In the three-dimensional structure, the C-terminaldomain resides between the N-terminal and PPIase domains and is
critically stabilized by parts of the linker (aa 111–133) that connects
N-terminal and PPIase domains. In contrast to the isolated PPIase and
N-terminal domains, the stabilized C-terminal domain displays in
vitro chaperone activity on its own [61]. TF fragments containing an
Fig. 3. Structural features of Trigger Factor. (A) Structure and three-domain organization of TF. The N-terminal domain (N; cyan) forms the “tail” of the dragon-shaped TF (PDB
1W26), the PPIase domain (P, light blue) the “head”, and the C-terminal domain (C, dark blue) a central body with two protruding “arms”. Identiﬁed nascent chain interaction sites
are highlighted in red. The ribosome binding signature-motif (“GFRxGxxP”) is denoted. (B) Surface characteristics of TF (PDB 1W26). View onto the cavity-forming interaction
surfaces of the N- and C-terminal domains of TF. (Left) Non-polar residues are marked in orange (Ala, Leu, Ile, Phe, Trp, Val) and light orange (Pro). (Right) Polar residues are colored
in red (Asp, Glu), blue (Arg, His, Lys), greencyan (Asn, Gln, Ser, Thr) and cyan (Tyr). (C) Cryo-EM derived structure of TF bound to a ribosome-nascent chain-complex (modiﬁed and
reprinted from [87]). Electron densities attributed to TF and the nascent chain are shown as grey and orange mesh. The ribosomal surface is depicted in grey. The asterisk marks the
tunnel exit site. The ﬁtted crystal structure of TF (PDB 1W26) is shown in red (please note that the PPIase domain of TF had to be rotated by 24 °C towards the C-terminal arms in
order to ﬁt the EM-density). (D) Model of ﬂexibility and conformational rearrangements within TF. (Left) Comparison of different structures of free and substrate-bound TF suggests
substantial interdomain ﬂexion of TF (N-terminal to C-terminal domain ∼10 Å in case of T. maritima TF [62]; rotational freedom of the PPIase domain ∼25 Å [62,87]), an overall
ﬂexible C-terminal domain [89] with hinge-bending motions of the C-terminal core to the C-terminal arms (∼10 Å in case of T. maritima TF [62]), and additional local ﬂexibility in
loop regions [50,70,87]. (Middle) TF undergoes conformational rearrangements leading to a molecular expansion upon ribosome binding [88] and can swing around its ribosomal
attachment site by about 10° in all directions [50]. (Right) The unbound N-terminal domain of E. coli TF (PDB ID 1OMS) and the ribosome-bound N-terminal domain of D. radiodurans
TF (PDB ID 2AAR) show structural differences.
Reprinted from [51].
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of denatured model substrates, whereas C-terminal truncations
impair the chaperone activity of TF [61,83]. Despite a lack of
signiﬁcant sequence homology, the C-terminal domain of TF shows
structural homology to the chaperone domain of the periplasmic E.
coli chaperone SurA and to full-length MPN555, a Mycoplasma
pneumonia protein of unknown function [84–86]. It might therefore
constitute a structurally conserved chaperone module, which is used
in multiple ways to fulﬁll diverse cellular functions.TF does not possess a single substrate binding site, but uses its
entire inner, cavity-forming surface for substrate accommodation
(Fig. 3A) [50,62,81,87]. This substrate binding surface has a mixed
character (Fig. 3B). It exposes hydrophilic and hydrophobic residues
and some continuous hydrophobic patches, which enables TF to
interact with substrates through both hydrophobic and hydrophilic
interactions (see Section 8).
Comparison of the available structural data on substrate-bound,
ribosome-bound and free TF (from E. coli,Deinoccocus radiodurans and
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molecule with intradomain rearrangements in the N-terminal
domain, hinge-bending motions within the C-terminal domain
(central core to arms ∼10 Å in case of T. maritima TF), interdomain
ﬂexion (rotational freedom of ∼10–25 Å), and additional local
ﬂexibility in loop regions (Fig. 3D). This ﬂexibility might be beneﬁcial
for TF action in several ways: it might allow TF to ﬂexibly adapt to and
accommodate diverse substrates, perhaps with different binding
characteristics in its ribosome-associated and non-ribosomal states,
and might facilitate the co-existence with other ribosome-associated
factors acting on nascent chains (see Section 11).
6. Structural information on ribosome-bound Trigger Factor
Important information on the ribosome binding of TFwas obtained
from three crystal structures: at ﬁrst, the N-terminal domain of E. coli
TFwas co-crystallized in a heterologous complexwith the 50S subunit
from Haloarcula marismortui [50], and, later on, two different crystal
structures of the N-terminal domain of D. radiodurans TF in a
homologous complex with the D. radiodurans 50S subunit were
solved [51,52]. The three crystal structures concordantly demonstrat-
ed that the N-terminal domain of TF binds to the ribosome via its
signature-motif containing loop, which forms major contacts to the
ribosomal exit site protein L23, the 23S rRNA and additional
interactions with the exit site protein L29. They allowed superimpo-
sition of full-length TF onto the co-crystallized N-terminal fragments
resulting in different models of ribosome-bound TF. In all models, TF
directly arches over the ribosomal exit site with its concave inner
surface facing towards the ribosomal surface. However, the three
structures differ in regard of the conformation and topology of the
ribosome-bound N-terminal domain and accordingly led to the
prediction of different working modes for TF.
In the model derived from the heterologous complex, solely the N-
terminal domain of TF contacts the ribosome, while the next closest
approach is made by the tips of the C-terminal arms, which are
localized around 10 Å away from the ribosomal surface [50]. The space
which is formed between the ribosomal surface and the N-terminal
tail and C-terminal arms of TF is about 40 Å deep and 35 Å wide and
therefore large enough to accommodate compact protein domains or
small proteins of about 14 kDa. For that reason, it was proposed that
ribosome-bound TF may create a protected folding space facilitating
co-translational folding of nascent protein domains [50].
In the two crystallized homologous complexes TF is positioned
closer to the ribosomal surface than in the heterologous complex so
that the space underneath the N-terminal domain is just partly [51] or
severely [52] reduced. Besides, one structure depicted an interaction
between TF and a loop of the ribosomal protein L24, which diminishes
the available space underneath TF even further [52]. Consequently,
co-translational folding of protein domains underneath the N-
terminal domain of TF was excluded. Instead it was suggested that
the N-terminal domain provides a hydrophobic crevice, which guides
unfolded nascent chains towards the C-terminal domain of TF [52].
Wewant to point out that the different models of ribosome-bound
TF are not mutually exclusive. Crystal and cryo-EM data indicate that
TF can swing around its ribosomal attachment point in all directions
[50,87] (Fig. 3D). Such a rotational freedom might allow TF to ﬂexibly
accommodate diverse nascent chains, and it might account for the
different orientations of the N-terminal domain recorded in the three
crystal structures.
The ﬁrst cryo-EM structure of full-length E. coli TF bound to a
translating E. coli ribosome has been solved recently (with a
resolution of 19 Å) [87] (Fig. 3C). In this complex, the N-terminal
domain of TF and the ribosome-arrested nascent chain are linked via a
disulﬁde bond to stabilize the transient interaction between TF and
the ribosome. The nascent chain exposes a small folding-competent
SH3 domain (of 62 aa). The cryo-EM derived structure of ribosome-bound TF differs from the crystal structure of free TF in the orientation
of the PPIase domain, which is rotated by 24° towards the C-terminal
arms in order to ﬁt the density. Apart from that, it basically agrees
with the initial crystallographic model [50], in which TF arches over
the ribosomal exit tunnel so that the space between TF and the
ribosomal surface is large enough to accommodate a small folded
protein domain [87]. Thus, at least in one conformational state, TF can
indeed be positioned on the ribosomal surface such that a cavity of a
size sufﬁcient to bind a folded domain of a nascent substrate is
formed.
Compared to the atomic coordinates of the free N-terminal domain
of E. coli TF [50,70], the ribosome-bound N-terminal domain of D.
radiodurans TF shows structural differences (Fig. 3D) and exposes
some additional hydrophobic patches or rather a hydrophobic
channel [51,52]. Besides, intramolecular FRET measurements pointed
to a conformational opening of TF upon ribosome binding [88]
(Fig. 3D). Hence, it is speculated that ribosome binding modulates the
substrate binding properties of TF and activates TF for the interaction
with hydrophobic segments of nascent chains [51].
7. Trigger Factor operates in a dynamic reaction cycle
The ATP-independent TF chaperone operates in a dynamic
reaction cycle of binding and release events (Fig. 4A+B). It binds
vacant ribosomes with a mean residence time of around 10 to 15 s
(and an apparent KD of about 1–2 µM) [88,90–93]. Depending on their
size (a length of 60–600 residues was analyzed), folding state and
amino acid composition, nascent chains increase the afﬁnity of TF for
ribosomes by about 2–30 fold (KD≈40–700 nM) [92,93]. They
accelerate ribosome association of TF up to approximately 9 fold,
and thus enable TF to differentiate between vacant and translating
ribosomes and to preferentially bind to ribosome-nascent chain-
complexes [93]. Such accelerated association with active ribosomes
might ensure that every nascent chain is encompassed by ribosome-
bound TF, and it may allow repeated cycles of TF-binding and -release
during the synthesis of larger proteins, which require particular
folding-assistance and are enriched among the natural TF substrates
(see Section 10) [94].
Analyses of homogeneous populations of ribosome-arrested
model constructs showed that starting at a certain length, diverse
nascent chains not only accelerate ribosome binding of TF, but
additionally increase the half-life of the TF-ribosome complexes from
15 up to around 50 s [93] (Fig. 3A). This might be of functional
importance for the folding of translation intermediates that occur
when the rate of translation is reduced e.g. due to the enrichment of
rare codons. Interestingly, rare codons can improve the folding
efﬁciency of newly synthesized proteins as just recently demonstrat-
ed for the multi-domain protein SufI in E. coli [30]. However, it
remains unclear whether nascent chains signiﬁcantly decelerate
ribosome dissociation of TF during translation elongation. No changes
in the mean residence time of ribosome-bound TF could be observed
when heterogeneous ensembles of actively translating ribosomes
were investigated [88], which, however, does not rule out nascent
chain-dependent effects on the dissociation rates of TF. Regarding TF's
mechanism of action, it would be interesting to know how much of a
protein is synthesized while TF remains bound to the translating
ribosome. Given the mean residence time of at least 10 s and a
translation speed of about 10–20 amino acids per second, an
estimated number of more than 100 or 200 amino acids could be
synthesized before TF departs from the ribosome, which corresponds
to an average protein domain or a small protein.
Ribosome binding induces conformational changes within TF,
which possibly activate TF for nascent chain interaction (see Section 6)
[51,52,88]. During ongoing in vitro translation, TF dissociates from the
ensemble of ribosomes after a mean residence time of ∼10 s, but
remains in this “activated” conformation for a mean time of up to
Fig. 4. Model of Trigger Factor action. (A) Model of TF interactions. Free TF molecules exist in a rapid monomer–dimer equilibrium (t1/2(dimer)∼1 s) (1). The monomer is active in
substrate and ribosome binding (2–5). Ribosome binding of TF (t1/2(TF-vacant ribosome)∼10 s) (4) is modulated by the presence of a nascent polypeptide chain (5). Unfolded nascent
chains and, to a lesser extent, even folded domains accelerate ribosome association and increase the afﬁnity of TF for ribosomes so that translating ribosomes may represent the
primary targets of TF (5). A subset of translation-arrested polypeptide chains of typically more than 100 residues additionally increases the half-life time of ribosome-bound TF from
∼10 up to ∼50 s (5). In addition to its ribosome-associated function, TF may bind soluble substrates in the cytosol presumably through major contacts via its C-terminal domain to
assist protein folding or assembly of oligomeric protein complexes (2,3) (see also Fig. 2). Interactions with unfolded proteins were described as highly transient (t1/2∼0.1 s) (2), but
complexes between TF and folded, unassembled protein species as fairly long-lived (t1/2 (TF-S7 protein)∼40 s). TF-substrate complexes can form in 1:1 and 2:2 stoichiometries with a
TF dimer sandwiching two substrate proteins (3). Both binding of folded substrates and ribosome association may trigger conformational changes leading to a molecular expansion
of TF (3–5). Reported values are taken from [62,88,91–93,96]. (B) Model of TF dynamics during protein biosynthesis. TF dissociates from its ribosomal attachment site after a mean
residence time of at least 10 s (1,2,4,7,9), which corresponds to the synthesis of ∼200 amino acids during translation elongation. When TF departs from translating ribosomes, it may
leave (3) or stay associated (5) with the nascent chain. The latter depends on the occurrence of hydrophobic motifs within the nascent polypeptide and can last for a mean half-life
time of up to 25 s (5,8,9) [88]. Ribosome dissociation of TF enables free TF molecules to (re-)bind ribosome-nascent chain-complexes (7,9) so that certain longer nascent chains
might be simultaneously covered by more than one TF (9). Finally, termination of translation and polypeptide release may occur in the presence (4,8) or absence (6) of ribosome-
bound TF. (C) Model of nascent chain accommodation by TF. Growing nascent chains can contact the entire inner surface of TF in a rather extended conformation (1). Upon chain
elongation, different types of nascent chains may follow different (folding) paths within TF: nascent polypeptides may either transit the TF molecule and thus be more accessible to
the cytosolic environment (2) or largely stay within the partially protected space formed between TF and the ribosomal surface (3,4). TF was shown to accommodate folded protein
domains and even small proteins, but whether it facilitates co-translational folding events is currently unknown (3). Recent experimental data corroborate the idea that TF can
accommodate and shield large parts of nascent chains but at the same time restricts folding processes (4).
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within the synthesized protein [88] (Fig. 4B). This strongly suggests
that TF stays associated with a subset of nascent chains even after
dissociating from its ribosomal binding site, which allows entry of
another TF molecule at the ribosome and the concomitant coverage of
largernascent chainsbymore thanoneTFmolecule [31]. The recruitment
of TF thus depends on the synthesized protein itself and might be
adjusted to the varying folding requirements of different nascent chains.
Besides binding to ribosomes and ribosome-nascent chain-com-
plexes, TF may associate with soluble cytosolic proteins to perhaps
assist protein folding or assembly (Fig. 4A, also see Section 4). In vitro
interactions between TF and unfolded substrates were described as
highly transient with an average lifetime of the TF-substratecomplexes of just ∼100–200 ms (and a KD of about 0.5–2 µM)
[95,96], whereas the 1:1 complex of tmTF with tmS7 was determined
to be fairly long-lived in vitro with a half-life of about 40 s
(KD∼3.5 µM) [62]. Still the in vivo relevance of such interactions
needs to be explored in more detail.
Furthermore, in vitro experiments showed that TF follows a fast
monomer–dimer equilibrium when it is not bound to the ribosome
(with a half-life of the dimer of about one second and an apparent KD
of ∼1–2 µM) [88,90,91]. However, the function of the dimer is unclear.
On the one hand, it was proposed that dimerization partially occludes
substrate binding sites of TF and that the dimer represents an inactive
storage form, which may ensure ribosome saturation with TF [81,90].
On the other hand, it was suggested that TF dimers may form in a
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and either stabilize unfolded substrates [97] or native-like, unassem-
bled protein species [62].
8. Substrate binding and nascent chain accommodation by Trigger
Factor
Over the last decade, notable progress has been made on the
characteristics of the substrate interaction of TF. Peptide library
experiments determined the binding speciﬁcity of TF for unfolded
substrates and identiﬁed a linear binding motif of TF, which is
enriched in basic and aromatic residues and possesses a positive net
charge [98]. Such a binding site occurs frequently, on average about
every 32 residues, in unfolded nascent chains and, in most cases,
becomes largely buried within the hydrophobic interior of proteins
upon productive folding [98]. Given a highly transient substrate
interaction of TF, fast-folding substrates could have sufﬁcient time to
fold before (re-)binding to TF [96]. During de novo folding, substrate
release from TF might therefore be driven by the tendency of nascent
proteins to bury hydrophobic regions.
Several observations support the notion that hydrophobic contacts
are important for the interaction of TF with nascent chains: (i)
ribosome binding of TF can be stabilized and become salt-insensitive
in the presence of unfolded nascent chains [99]. (ii) The afﬁnity of TF
for ribosomes synthesizing unfolded, hydrophobic nascent chains is
higher than for ribosomes carrying folded protein domains with
buried hydrophobicity [88,93]. (iii) Prolonged interaction of TF with
nascent proteins correlates with the occurrence of motifs composed of
15 residues with high mean hydrophobicity [88]. About 15% of all
cytosolic E. coli proteins are predicted to contain such hydrophobic
motifs and to experience a prolonged association with TF during the
de novo folding process [88]. However, strongly hydrophobic signal
sequences of secretory nascent chains seem to be disfavored by TF
[92].
Martinez-Hackert and Hendrickson now depict a new picture of
TF-substrate interactions (also see Section 4) [62]. In the crystallized
complex of T. maritima TF and tmS7, two native-like tmS7 molecules
are sandwiched between two TF molecules using an extensive, poorly
packed and predominantly hydrophilic interface. The cavity-forming
surface of the C-terminal domain of TF contributes the largest surface
of TF to binding of a single S7 molecule, while a second large interface
is formed between S7 and the N-terminal domain of the second TF
molecule (schematized in Fig. 4A(3)). The authors suggest that the
2tmTF–2tmS7 complex reﬂects the promiscuous substrate interac-
tions of TF, which, accordingly, might be driven through multiple
weak hydrophilic contacts.
Though E. coli TF has larger hydrophobic patches than tmTF, its
substrate interaction surface has a mixed character and exhibits a
substantial number of charged and hydrophilic residues (Fig. 3B).
Thus it seems plausible that TF binds its substrates through both
hydrophilic and hydrophobic interactions, and that different sub-
strates perhaps ﬂexibly exploit these chameleon-like characteristics
of TF's binding surface to primarily interact with hydrophobic or
hydrophilic sites or both. Such a ﬂexible substrate interaction of TF is
an appealing concept, because it would broaden the substrate range of
TF and could be required for TF to promiscuously associate with many
kinds of nascent chains and full-length substrate proteins.
Crosslinking studies demonstrated that, similar to the S7 interac-
tion, TF can utilize its entire inner surface for the accommodation of
nascent chains [81,87] (Fig. 4A). Starting at an estimated length of
about 40 residues, growing polypeptide chains initially follow a rather
predeﬁned path through TF. They ﬁrst contact the N-terminal domain
of TF, then the entire C-terminal domain including the tips of the arms,
and ﬁnally, depending on the synthesized protein, they may reach the
PPIase domain at a length of ∼60 to 90 residues [81,87]. Accordingly,
roughly 30–60 residues outside of the ribosomal exit tunnel sufﬁce tospan the 120 Å long TFmolecule, which suggests that growing nascent
chains at ﬁrst traverse TF in an extended conformation.
Upon further chain elongation, the paths of nascent chains within
TF may vary (Fig. 4C). One possibility is that growing polypeptide
chains accumulate within the TFmolecule either in folded or unfolded
conformations. Such an accommodation of larger parts of nascent
chains is in line with different experimental data. In vivo experiments
suggested that TF restricts the access of downstream chaperones to
nascent proteins which are smaller than 30 kDa [100,101]. This might
be explained by the accumulation of large regions of nascent chains
within the TF molecule and/or the coverage of nascent chains with
several TF molecules. In vitro studies on ribosome-arrested chains
proved that TF is able to transiently restrict the access to larger-sized
nascent chains [80,102]: TF efﬁciently shielded diverse unfolded
nascent chains including random-coil constructs of a size of one or
two typical protein domains (∼11–26 kDa) and to some extent also
bigger constructs of a size of up to ∼46 kDa from unspeciﬁc
degradation. Besides, TF was able to accommodate not only unfolded
nascent chains, but also small folded protein domains and to re-bind
productively to diverse ribosome-nascent chain-complexes [80,87].
Hence, ribosome-bound TF may create a sheltered space, in which
large regions of nascent chains are protected from unspeciﬁc
intermolecular interactions and aggregation processes.
A second option is that TF accommodates just an extended stretch
of the nascent chain, while the remaining regions localize outside of
TF, or the interaction between TF and the nascent chainmay overall be
too weak to keep the nascent chain within the space formed between
TF and the ribosome (Fig. 4C). The N-terminus of nascent chains e.g.
may not be strongly bound by TF as initial experiments analyzing the
local dynamics of the N-terminal methionine indicate [103]. Further-
more, a transient passage of nascent chains through TF would explain
why TF does not shield ribosome-arrested chains of the constitutively
unstructured α-synuclein protein from the environment though they
are in close proximity to TF [102]. The path of a nascent chain through
TF may thus depend on the occurrence and strength of TF-interacting
motifs and the folding properties of the nascent chain itself.
9. Effects of Trigger Factor on the folding process
Despite of all the detailed information on the structure and
substrate interactions of TF (see above), one central question is not
satisfactorily answered yet: how does TF affect the folding process of
its substrates? In this respect, existing data are still limited and up to
nowmost of the analyses have not been performed on de novo folding
of nascent chains, but on in vitro refolding of denatured model
substrates. In its function as peptidyl–prolyl–isomerase TF accelerates
proline-limited refolding of model substrates [75,78,104]. The high
catalytic efﬁciency of TF in doing so depends on the productive
combination of two activities: the catalysis of the rate-limiting prolyl
isomerization reaction by the PPIase domain and an effective
substrate binding mainly by the C-terminal domain and additionally
by the N-terminal domain of TF [61,75,78,105].
Independent of its PPIase activity, TF displays in vitro chaperone
activity in preventing aggregation and promoting refolding of
denatured model substrates [72,79,96,106–108]. TF thus differs from
other classes of ATP-independent chaperones (such as DnaJ or small
heat shock proteins) which function solely as substrate holdases and
are unable to support refolding to the native state [109–111].
Refolding yields were shown to depend on the concentration of TF
and to follow an optimum curve (with a maximum at molar ratios of
TF to substrate of about 1:1 to 4:1) [72,106]. High concentrations of TF
were demonstrated to decrease refolding rates and retard the folding
process [96,104].
To date, two major possibilities are conceivable how TF enhances
productive de novo folding: one option is that TF keeps nascent chains
rather unfolded and in this way prevents premature, erroneous
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accelerate productive co-translational folding processes like e.g. a
domain-wise folding of multi-domain proteins, e.g. by serving as a
folding scaffold. Both modes are not mutually exclusive, and TF action
may vary depending on the type of nascent chain.
With the ﬁrst atomic structure of TF it was proposed that TF may
initially postpone nascent chain folding through multiple transient
interactions, but as soon as sufﬁcient sequence information is
synthesized, facilitate a co-translational, maybe domain-wise, folding
of nascent chains within its protected void [50]. Based on the stable
association and hydrophilic interactions between T. maritima TF and
folded tmS7 it is now even suggested that TF, perhaps together with
the ribosomal surface, acts like a hydrophilic “Anﬁnsen cage”, which
drives the burial of hydrophobic residues in its substrate and
accelerates folding [62]. Such a “TF cage” would be rather ﬂexible
due to the intra- and interdomain ﬂexibility of TF and the rotational
freedom around its ribosomal attachment site [50–52,62,87–89].
Since folded protein domains or small proteins like S7 can be
accommodated by TF [62,87], co-translational folding seems in
principle conceivable. However, any experimental evidence for co-
translational folding underneath TF is still missing.
Until now, only one publication examined the effects of TF on the
kinetics of de novo folding [31]. It demonstrated that TF and DnaK
improve the folding yields and delay the formation of the native
structures of two newly translated multi-domain model proteins,
namely ﬁreﬂy luciferase and the oligomeric bacterial β-galactosidase
protein. Interestingly, luciferase represents a substrate which shows a
prolonged interactionwith TF and is assumed to be covered by several
TF molecules during translation [31,88]. Based on these results, it was
suggested that an efﬁcient co-translational domain folding of
luciferase, like it occurs in eukaryotes, is not compatible with the
bacterial chaperone system [31]. However, there are some discre-
pancies, because other studies reported that luciferase folds efﬁciently
co-translationally in bacterial translation systems when synthesized
at a lower temperature (25 °C) [22,112].
Utilizing disulﬁde bond formation as readout of nascent chain
folding, latest in vitro experiments indicate that TF impairs initial
conformational sampling processes in both multi- and single-domain
proteins and differs in its action from the DnaK chaperone system
(unpublished data). This suggests that TF may generally support de
novo folding by constraining premature folding processes during
synthesis and by transiently keeping nascent chains in rather
unfolded conformations. Furthermore, in contrast to DnaK, TF is able
to destabilize folding-competent, ribosome-arrested nascent chains
which had acquired a protease-stable conformation prior to the
addition of TF (unpublished data). Hence, TF may be able to unfold
marginally stable states of ribosome-arrested nascent chains and,
after re-binding to active ribosomes, by this means even change
preformed chain conformations to allow subsequent productive
folding steps.
10. Trigger Factor cooperates with DnaK and GroEL in de novo
folding
TF cooperates with two ATP-dependent chaperones, which act as
soluble components of the cytoplasm and do not bind the ribosome, in
de novo folding of cytosolic proteins: the Hsp70 chaperone DnaK and
the Hsp60 chaperone GroEL (Fig. 1A). The action of DnaK is controlled
by its Hsp40 co-chaperone DnaJ, which targets DnaK to the substrate
and induces the high substrate-afﬁnity state of DnaK by stimulating
ATP hydrolysis, and by its nucleotide exchange factor GrpE, which
stimulates substrate release (hereafter referred to as KJE system) [38].
GroEL works together with its Hsp10 co-chaperone GroES (ELS
system) [39]. Like TF, DnaK and GroEL are abundant proteins, and
cellular concentrations of ribosomes, TF, DnaK and the functional
GroEL 14-mer equal approximately a ratio of 1:2.5:1.5:0.15 undernon-stress conditions [113–115]. In contrast to TF, DnaK and GroEL
are part of the stress-induced quality control system of the cell. They
assist refolding of misfolded or denatured proteins and, together with
the ClpB chaperone, DnaK rescues proteins from aggregates [40].
TF, DnaK and GroEL have distinct, but overlapping functions in
assisting de novo folding. While the ELS system is essential under all
growth conditions [116], TF and DnaK are not. Deletion of the TF
encoding gene tig neither results in detectable protein aggregation
nor in any obvious growth phenotype [100,117]. Instead it seems to be
compensated by enhanced action of DnaK and GroEL. Loss of TF
induces the heat shock response, which raises the levels of the protein
quality control system including the KJE and ELS chaperone systems. It
doubles the fraction of nascent chains interacting with DnaK and
slightly increases the amount of newly synthesized proteins associ-
ating with GroEL [94,100,117].
In the absence of DnaK TF becomes essential at certain growth
conditions. While cells lacking dnaK are viable at intermediate growth
temperatures [118,119], combined deletion of tig and dnaK leads to
severe protein aggregation and causes synthetic lethality in cells
above ∼30 °C [60,94,100,117,120]. The synthetic lethality of the
ΔtigΔdnaK double deletion can be partially rescued by augmented
levels of the ELS chaperone system, which in this manner serves as
backup system for the loss of TF and DnaK function [60,120].
Strikingly, it can also be compensated by overexpression of yet
another cytosolic chaperone: the ATP-independent, secretion-dedi-
cated chaperone SecB, whose access to nascent chains is normally
restrained by TF [58]. Thus, protein folding is secured by the action of
several, partly redundant chaperones, which despite their different
mechanisms of action are able to substitute each other to varying
extents.
Numerous proteins depend on cytosolic chaperones for productive
de novo folding. Analyses of protein aggregates in DnaKJ-depleted tig
wild type and Δtig strains showed that even though about ten times
more proteins aggregate in cells lacking TF (in total ∼10% of soluble
proteins at 37 °C) the composition of the aggregates is similar in both
strains [94]. The aggregates contained more than 300 different
cytosolic proteins ranging in size from ∼20 kDa to ∼170 kDa and
were about two-fold enriched for proteins larger than 60 kDa
[94,100,117]. This demonstrated that a multitude of structurally
unrelated proteins is vulnerable to aggregation in vivo and suggested
that the productive folding of larger multi-domain proteins in
particular depends on TF and DnaK action [94]. In addition, a recent
study pointed out that many of the proteins aggregating in
ΔtigΔdnaKdnaJ cells are components of protein complexes, such as
protein homo- or hetero-oligomers or the ribosome as multi-subunit
RNA–protein complex [62].
Like TF and DnaK, GroEL interacts with several hundred different
cytosolic proteins [101,121]. It predominantly folds proteins of the
size of about 10–55 kDawithin its cylindrical chamber, but also assists
folding of some larger proteins [114]. Many of the identiﬁed GroEL
substrates can alternatively utilize TF or the KJE system, but some
(currently 85 proteins are identiﬁed, 13 of which are essential) are
stringent GroEL substrates, which absolutely depend on the ELS
system for productive folding [101]. Proteins with TIM-barrel
domains are enriched among the obligate GroEL substrates [101].
Given the functional redundancy and the overlap in the substrate
speciﬁcities of TF, DnaK and GroEL, one may ask how the ﬂux of newly
synthesized proteins through the chaperone network is regulated.
During the de novo folding process, nascent chains ﬁrst interact with
ribosome-bound TF [93]. Upon release from TF, roughly estimated two
thirds of newly synthesized proteins may fold spontaneously,
whereas the others get additional folding-assistance by KJE or ELS
or both. DnaK acts co- and post-translationally, and, under non-stress
conditions, transiently associates with estimated 5–18% of all nascent
proteins with a preference for nascent chains larger than 30 kDa
[100,117]. The absence of TF facilitates DnaK binding to shorter
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ribosome-bound polypeptides [100].
Similar to DnaK, GroEL associates with approximately 10–15% of
newly translated proteins under normal growth conditions [114]. In
the absence of TF and DnaK, about 150 additional protein species are
described to interact with GroEL, and the size distribution of GroEL
substrates is shifted towards smaller sizes (≤30 kDa) [101]. For a long
time, GroEL was assumed to function downstream of DnaK and to act
in the post-translational folding of newly translated proteins with the
majority of GroEL-machineries being occupied by obligate GroEL
substrates [101,114,122,123]. But it is now up for debate, whether
GroEL binds nascent chains already during ongoing synthesis and
promotes folding of the same variety of proteins like DnaK
[121,124,125].
Depending on the synthesized protein, cellular protein folding
thus proceeds along varying routes within a network of functionally
cooperating chaperones. Whether different chaperones may act
simultaneously on longer nascent chains and whether there is any
direct handover of substrates between TF, KJE or ELS remains
unknown.11. Interplay between Trigger Factor and other ribosome-
associated factors
TF's function at the ribosome is to support early folding steps of
newly synthesized cytoplasmic polypeptides. However, about 25–30%
of all nascent chains are destined for translocation, which occurs
either co- or post-translationally. While most periplasmic and outer
membrane proteins are translocated post-translationally via the
SecA/B pathway, inner-membrane proteins are targeted to the
protein conducting channel, the SecYEG translocon, early during the
translation process by the signal recognition particle (SRP) and its
membrane-bound receptor FtsY (see also the reviews by I. Sinning
and A. Driessen in this issue). To facilitate co-translational transloca-
tion, ribosome-associated SRP interacts with short nascent chains
exposing a hydrophobic signal anchor sequence. The subsequent
interaction with the membrane-bound SRP-receptor FtsY promotes
GTP binding by both SRP and FtsY. Finally, GTP hydrolysis triggers the
dissociation of the SRP–FtsY complex and the transfer of the
ribosome-nascent chain-complex to the SecYEG translocon for co-
translational translocation [126].
Recent data demonstrate that SRP is recruited to translating
ribosomes in an early state of translation when the N-terminus of the
nascent chain is still completely buriedwithin the ribosome [127]. The
signal transfer from the tunnel inside to the ribosomal surface
probably occurs via a loop of L23 that protrudes into the protein exit
tunnel and, by interacting with the nascent chain, increases the
afﬁnity of SRP to the ribosome about 100-fold. Thus bacterial SRP
might be recruited to all ribosome-nascent chain-complexes in early
stages of translation. Later on, high ribosome afﬁnity of SRP is only
maintained when nascent chains expose a hydrophobic signal anchor
sequence interacting with SRP.
TF and SRP share the L23 protein as a major interaction site at the
ribosome located close to the protein exit tunnel (Fig. 1B) [49–
52,128–130]. This raises the question whether both factors can bind
simultaneously to the ribosome. Indeed, two independent studies
report that TF and SRP can be detected next to each other at the
ribosome [131,132]. However, this co-existence is not yet demon-
strated by structural studies. Some crystal structures [50,51] place TF
in a position that clashes with the position of the bacterial SRP at the
ribosome as determined by cryo-EM studies of SRP bound to
ribosome-nascent chain-complexes exposing a signal sequence
[129,130]. This suggests that either TF or SRP must undergo
conformational rearrangements or reposition at the ribosome in
order to allow concomitant binding of both factors. Slight conforma-tional rearrangements of ribosome-bound SRP have recently been
monitored by FRET analysis in the presence of TF [133].
However, extensive biochemical analyses mainly using chemical
crosslinking techniques demonstrated that TF and SRP compete for
the interaction with nascent chains [54,57,59]. The appearance of
hydrophobic signal sequences in the nascent chain stabilize the
interaction with SRP and decrease the crosslinking efﬁciency with TF
while more hydrophilic sequences shift the equilibrium towards an
interaction with TF [134–137]. Supporting evidence for the existence
of this competition is provided by in vivo experiments demonstrating
that increased TF levels retard protein translocationwhile the absence
of TF accelerates protein export [138].
Apart from TF and SRP, the two essential enzymes peptide
deformylase (PDF) and methionine aminopeptidase (MAP) are
reported to interact with short nascent chains in bacteria (Fig. 1B)
[139]. Starting at a minimal chain length of just 40 amino acids, PDF
and MAP process the N-termini of nascent chains in two consecutive
steps. First, PDF removes the formyl group, and then, dependent on
the sequence of the nascent chain itself, MAP may remove the
methionine. The short minimal length of the processed nascent chains
evidences that PDF and MAP act in very close proximity to the
ribosome. Indeed it has been shown recently that E. coli PDF is a
ribosome-associated protein that transiently binds to a groove
between proteins L22 and L32 of the large ribosomal subunit via its
positively charged C-terminal helical extension [140]. This interaction
is important for the function of PDF in vivo since a ribosome binding
deﬁcient C-terminal truncation mutant of PDF expressed at low levels
causes a reduced growth rate and reduced cell viability when
compared to cells expressing identical low amounts of full-length
PDF.Whether bacterial MAPs interacts with ribosomes is not yet clear,
but it was proposed that one of the two methionine aminopeptidases
from Mycobacterium tuberculosis might interact with the ribosomal
protein L24 [141]. So far, ribosome association has been demonstrated
for both MAP isoforms present in yeast [142,143]. However, the
interaction sites on MAP and the ribosomal surface are not yet
identiﬁed.
The coordination of enzymatic processing by PDF andMAPwith TF
facilitated co-translational folding and SRP-mediated targeting is
another open question. Superposition of PDF and TF on the ribosomal
surface suggests that both factors can co-exist next to each other with
PDF closing a lateral opening at the side of TF [140]. This positioning
would allow PDF to process nascent chains as they start to emerge
into the interior of TF. Whether MAP interacts with translating
ribosomes for a concerted actionwith PDF and TF and thus ﬁnishes the
enzymatic processing of nascent chains before they start folding is
unknown. Furthermore, it will be interesting to address whether SRP
action interferes with PDF and MAP.
12. Conclusions and perspectives
The folding of newly synthesized polypeptides is a crucial step in
the expression of genetic information. In all kingdoms of life it is
facilitated by ribosome-associated chaperones that welcome nascent
chains directly at their entry site into the cytoplasm, the polypeptide
exit tunnel in the large ribosomal subunit. So far, E. coli TF is the only
ribosome-associated chaperone for which many details concerning
structure, positioning at the ribosome, interactionwith nascent chains
and the dynamics of its interactions with ribosomes and nascent
chains have been investigated in detail.
Still many mechanistic details of TF action and how TF facilitates
folding of so many different substrates are not understood yet. The
question of how the dynamic interplay of TF with other chaperones
assisting folding of newly synthesized proteins is coordinated remains
an open question to date. The new discovery that TF might
additionally be involved in the formation of oligomeric protein
complexes adds yet another level of complexity to the understanding
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ribosome-associated factor but must act on nascent chains in concert
with various other players involved in enzymatic processing or
targeting of nascent polypeptides to the SecY translocon. How these
interactions with translating ribosomes are coordinated in space and
time and whether the nascent chain itself tailors this dynamic
interplay to recruit different factors when needed is another
fascinating question to address. Thus many exciting discoveries are
yet to be made and we are looking forward to the next decade of
research that brings us another step forward in our goal to understand
how nature has managed to ensure efﬁcient protein folding and
maturation in the highly complex and challenging environment of the
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